The o-nitrophenylsulfenyl group, an amino protecting group in the chemical synthesis of peptidyl-tRNA was used to attach newly synthesized peptidyl-tRNA to a benzoylated DEAE-cellulose column. This facilitated the isolation of a highly purified specific tRNA with a well defined peptide chain.
INTRODUCTION
We have previously described the chemical synthesis of oligopeptidyltRNAs by stepwise additions of the Ifl-hydroxysuccinimide esters of blocked 2 3 amino acids or peptides . We also reported the use of o-nitrophenylsulfenyl (NPS) group as N-protecting group for this synthesis. These chemically prepared derivatives of tRNA have been used in biological systems to throw some light on the mechanism of different steps in 4 protein biosynthesis .
Two requirements, however, became obvious in the course of these experiments. The first was the purification of individual tRNA species to which the peptide chain was attached. Purification became necessary when, in a great number of experiments, a purified peptidyl-tRNA showed a behavior, substantially different from unpurified peptidyl-tRNA ' .
The second requirement was a better control over the homogeneity of the peptide chain in the peptidyl-tRNA. With the introduction of benzoylated DEAE-cellulose columns, which have affinity for nucleic acids with additional hydrophobic groups attached, a method for the separation of Q acylated from unacylated nucleic acids became available . 9 The method of Gillam et^ aJL. for the isolation of tRNA, specific for any single amino acid, involves chemical derivatization of aminoacyl-tRNA with phenoxyacetyl or naphtoxyacetyl moieties, and isolation of the product Nucleic Acids Research on a B.D. cellulose column. The bulk of the tRNA can be eluted from the column by salt solution (0.5-1.5 M NaCI) while the derivatlzed aminoacyltRNA is retained on the resin until 20% (v/v) ethanol is added to the eluting salt solution. The above mentioned derivatizing groups, however, cannot be used for the purification of peptidyl-tRNAs, since there is no simple way of removing these groups from the amino end of the peptide, which is attached to the tRNA.
In this paper we present a method for the isolation of a highly purified peptidyl-tRNA, utilizing the hydrophobic o-nitrophenylsulfenyl protecting group, for binding the specific tRNA to B.D. cellulose columns. Elution of the tRNA from the column was done in the following way:
MATERIALS AND METHODS
the column was washed with one bed volume of Solution A, and the bulk of the tRNA was eluted with Solution B, until the A_,_ of the eluate was 260 nm less than 0.03 units. A short washing with Solution C (about one bed volume) was carried out until the k^c r .
again fell below 0.03 units.
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Cleavage of the protecting group (NPS) from the peptidyl tRNA was done on the column by washing it with Solution D for two hours (about 10 bed volumes) . The column was then washed with Solution A to remove the thiosulfate. Elution of the purified Ala-Val-tRNA from the column was done by Solution E. The fractions which contained most of the radioactivity were pooled and the tRNA was precipitated by the addition of two volumes of ethanol. Alternatively, the fractions were dialyzed against 2 x 1000 ml of 1 mM ammonium formate pH 5 and the tRNA was recovered by lyophilization.
The radioactivity of the fractions was detected by adding 0.05 ml aliquots to 10 ml of scintillation liquid [PPO (4 gr), POPOP (125 mg), Triton X-100 (200 ml) and toluene (1000 ml)] and counted in a Packard liquid scintillation counter (model 3003).
RESULTS
The relative ease, with which the o-nitrophenylsulfenyl protecting 14 group can be cleaved by thiosulfate and sulfhydryl reagents , together with its apparent hydrophobicity, made this group a likely candidate for the dual task of a blocking group in peptidyl-tRNA synthesis, and a derivatizing agent for column chromatography. NPS-Ala-Val-tRNA was [14c]Val-tRNA (300000 cpm) was mixed with £. coli unchargedtRNA (5 mg) and dissolved in 2 ml of Solution A. The mixture was loaded onto a B.D. cellulose column (1 x 20 cm, preequilibrated with the same buffer). After washing the column with 30 ml of this buffer, elution was started with a salt gradient (400 ml) which contained 0.3 M-1.5 M NaCI. 5 ml fractions were collected. The presence of [^CjVal-tRNA was detected by counting samples in toluene-triton scintillation mixture. The presence of tRNA Va^ was detected by charging aliquots from the fractions (after subtraction of the [ 14 C] Val-tRNA radioactivity). Fig. 1 (a) . After completion of the salt gradient, elution was continued with ethanol gradient (450 ml) which contained 0-20% ethanol, in addition to 1.5 M NaCI. Analysis of Val-tRNA and Ala-Val-tRNA was done by paper electrophoresis pH 2.5. Analysis of NPS-Ala-Val-tRNA was done by paper chromatography (see The second approach involved a selective cleavage of the NPS group from resin bound NPS-Ala-Val-tRNA by a thiosulfate solution, followed by elution of the peptidyl-tRNA with a salt solution (1 M NaCl). In this procedure the "ethanol fraction" remained bound to the resin. . The chromatographic procedure is also described in the experimental section. 2.5 ml fractions were collected, and their absorbance was measured by a Zeiss photocolorimeter. A 50 yl sample from each fraction was counted in a scintillation counter. The fractions of each peak (I-IV) which contained most of the tRNA were pooled and isolated by ethanol precipitation. Analysis of the products was done by paper electrophoresis and paper chromatography and is given in Fig. 3 . Data concerning the degree of purification and the recovery of the purified tRNA is given in Table I. •-•-•, A 2 6 0 tun: A-A-A, radioactivity. The yield of the acylation reaction was measured by paper chromatography of the alkaline hydrolyzate (Fig. 3a) and by high voltage paper electrophoresis following thiosulfate treatment (Fig. 3b) . Paper chromatography separated NPS-Ala-Val from valine or Ala-Val but did not distinguish between valine and Ala-Val. Paper electrophoresis, on the other hand, separated all three compounds, but spontaneous deblocking took place due to the acidic medium used. In the experiment shown in Fig. 2, the radioactivities of the different compounds, as compared by paper chromatography and paper electrophoresis, showed that there was no loss of NPS from NPS-Ala-Val-tRNA before application to the column.
Analysis of Peak I (Fig. 2) showed that most of the unreacted ValtRNA was eluted from the column by salt solution (Fig. 3c) . The small amount of Ala-Val which was observed in this fraction was probably due to some cleavage of the NFS group from the NPS-peptidyl-tRNA during column chromatography. The product, which was eluted by Solution C (peak II Fig. 2 ) , also contained mostly Val-tRNA (Fig. 3d) .
The alkaline hydrolyzate of the tRNA eluted with Solution E (peak III Fig. 2) showed about 98% Ala-Val (Fig. 3e) . The small amount (2%) of valine present was probably due to some side reaction of NPS-Ala-OSu with Val-tRNA at sites of the molecule, other than the amino acid attached to the tRNA. Peak IV (Fig. 2) showed essentially the same radioactive pattern (Fig. 3f) as did Peak III, except that the tRNA was not purified (see Table I ) . The acylatlon reaction and elution conditions are described in the legend to Fig. 2 . The fractions pooled from the different peaks (I-IV) were precipitated by ethanol and washed from excess of salt by 70% ethanol solution. The purity was calculated from the radioactivity of a sample measured on paper disc in toluene scintillant, from the A . of the tRNA, and from the amount of Ala-Val-tRNA present in the sample, as measured by paper electrophoresis. The elution pattern of the column is shown in Fig. 2 .
Val
When a sample of any of these tRNA derivatives, was analyzed by paper electrophoresis, without prior treatment with alkali, all the radioactivity remained at the origin. From the analysis shown in Fig. 3 it was concluded that the radioactive tRNA derivative contained 60 percent peptidyl-tRNA before column chromatography and 98 percent peptidyltRNA after chromatography. Therefore, this procedure is a useful tool for preparing chemically pure and well defined peptidyl-tRNAs.
Val The recovery and degree of purification of Ala-Val-tRNA.
in the different steps of the chromatographic procedure are given in Table I .
It is clear that the only purified fraction was the one eluted with .
Solution E after the thiosulfate treatment (peak III, Fig. 2 ) . This Val fraction contained most (85%) of the Ala-Val-tRNA_ present in the tRNA preparation. It was highly purified with respect to the tRNA (1450 pmole/ A.,.
) and the peptide moiety (98% Ala-Val-tRNA). zou nra Table II As can be seen from Table II, in pyridine-water (60%); but the difference in purification was still great (Table II) . This suggests that the higher extent of side reaction in the DMS0 system could result from a higher extent of tRNA denaturation in this mixture during the acylation reaction. It is reasonable to assume that the system which contains a higher proportion of aqueous solution would cause less denaturation of the tRNA and increase the specificity of the reagent to the amino acid residue of Val-tRNA.
DISCUSSION
We have shown that the o-nitrophenylsulfenyl group used for peptidyltRNA synthesis, can be used equally well for the purification of the peptidyl-tRNA on B.D. cellulose columns.
It is, of course, possible to use another strategy for purifying peptidyl-tRNA, namely, to purify the specific tRNA first, by conventional methods and synthesize the desired peptide on the purified aa-tRNA. But these tactics, apart from being more cumbersome, have a serious limitation of the solid phase method ; that is, the difficulty to purify the growing peptide chain during intermediate stages. This drawback of the polymer bound peptide synthesis could result, after a number of acylation steps, in an unwanted mixture of different peptidyl-tRNAs. On the other hand, our method would enable us, in principle, to carry out a number of acylation steps on the tRNA, and isolate the desired product after each step, with the aid of the blocking group. This is a unique case where such purification is possible in solid phase type synthesis. It is important to point out that the method is generally not applicable to peptidyl tRNAs which contain aromatic amino acid residues. These compounds would remain attached to the resin after cleaving the blocking group, through their aromatic residues. However, a peptidyl tRNA with an Centimeters from the origin Figure 3 . Product analysis of the reaction between NPS-Ala-OSu and Val-tRNAJ ai and the different fractions eluted from the column. 10000 cpm samples from each fraction (Peaks I-IV) (Fig. 2) were treated by 0.5 M NaOH and the hydrolizate was subjected to paper electrophoresis or paper chromatography as described in Materials and Methods, (a) Paper chromatography of the products of the reaction between NPS-Ala-OSu and Val-tRNAj al . (b) Paper electrophoresis of the above reaction products (here, cleavage of the blocking group by thiosulfate was done prior to alkaline hydrolysis). (c) Paper electrophoresis of the fraction eluted by Solution B (Fig. 2 , Peak I). (d) Paper electrophoresis of the fraction eluted by Solution C (Fig. 2, Peak II) . (e) Paper electrophoresis of the fraction eluted by Solution E (Fig. 2, Peak III) . (f) Paper electrophoresis of the fraction eluted by Solution F (Fig. 2, Peak IV) . A circle (0) marks the distance traveled by :he markers, which were analyzed by ninhydrin (Val, Ala-Val) or by their characteristic yellow colour (NPS-Ala-Val).
aromatic amlno terminal residue, could still be purified by removing the blocking group after the last acylation step and then attaching the unblocked peptidyl tRNA to B.D. cellulose by virtue of its N-terminal amino acid.
In principle, only one chromatographic run is needed for purification of dipeptidyl-tRNA by our method. This could save a necessary chromatoo graphic step of the procedure used by Gillam et_ a^. , which is removal of the "ethanol fraction" before derivatization. In practice, however, the tRNA had to undergo a preliminary fractionation, if a high degree of purity was to be achieved. This was probably due, in part, to side The reaction in pyridinewater mixtures gave reasonable yields (60-70%) when the ratio of pyridine to buffer was 1:2. Higher proportions of the organic solvent gave poorer yields and lower proportions of the organic solvent caused precipitation of the reaget.t.
We conclude that the N-hydroxysuccinimide esters of NPS-amino acids are useful reagents for both the preparation and purification of peptidyltRNAs.
